Printed graphene films with positive temperature coefficient of resistivity by Banerjee, I et al.
 Available online at www.sciencedirect.com 
ScienceDirect 
Materials Today: Proceedings 00 (2016) 000–000 
 
 
www.materialstoday.com/proceedings    
 
2214-7853 © 2016 Elsevier Ltd. All rights reserved. 
Selection and Peer-review under responsibility of International conference on materials research and applications-2016.  
ICMRA 2016 
  Printed graphene films with positive temperature coefficient of resistivity 
 
Indrani Banerjee
1,2*, Tsegie Faris2,3, Zlatka Stoeva3, Ashwani  K. Sharma4 and Asim K Ray2 
1 The Department of Physics, Birla Institute of Technology, Mesra, Ranchi-835215, INDIA 
2Institute of Materials and Manufacturing, Brunel University London, Uxbridge, Middlesex UB8 3PH, UK 
3DZP Technologies Limited, Future Business Centre, Kings Hedges Road,  
Cambridge CB4 2HY, UK 
4United States Air ForceResearch  Laboratory, Space Vehicles Directorate, SE Kirtland AFB, NM 87117 USA. 
Abstract 
0.5μm thick graphene films printed on plastic substrates exhibit metallic type conduction with a positive value of 1.5 × 10−3𝐾−1 
for the temperature coefficient of resistance over the temperature range from 260K to 330K . The crystallites of approximately 
6.5 nm in their average size  in the film are found from the X-Ray diffraction pattern to be oriented preferentially  along [002] 
plane.   
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1. Introduction  
Graphene is becoming increasingly popular as a result of its wide range of possible applications such as field effect 
transistors, sensors, transparent conductive films and supercapacitors [1].  This flexible material has very high 
electrical conductivity even at room temperature because of its zero bandgap where both electron and hole are 
involved in charged carriers [2]; the presence of pi (π) electrons in the above and below the graphene flat sheet and 
their hexagonal lattice structures make the charge carriers mobility to be high[3] [4]. Graphene exists in different 
structures and morphologies and their conductivities are different to each other. Complete exfoliation of the 
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graphitic structure with 2D graphene sheets leads to increase of the electrical conductivity of graphene [5]. 
The carrier density can be improved by doping however doping may affect the stability of graphene [6]. Techniques 
such as processing at very high temperature and growing a large grains size are also used to improve conductivity; 
however these techniques are not always suited to practical applications [6]. Mechanical exfoliation   and chemical 
vapour deposition (CVD) are commonly used to synthesize high quality graphene films with reduced number of 
defects by annealing [7]; however these methods are not suitable for deposition over large areas. 
Printing can be used as an alternative technique to make conductive graphene films. Some of the advantages of 
graphene printing are the low processing temperature at ambient conditions without using vacuum or inert 
atmosphere.  The other benefit of the graphene printing is that films can be obtained over large areas on flexible 
substrates, at a reduced cost [8]. The main interest of this paper was to examine  conductivity of commercially 
available  graphene ink. The samples were characterized XRD spectroscopy together with resitance measurements 
which were taken inside the cryostat under vacuum at deferent temperatures.   
 
2. Experimental procedure 
 
The graphene ink used in this work was supplied by DZP technologies Ltd, product number G087. The ink was 
formulated with few-layer graphene particles of lateral dimensions < 40 microns, which were obtained by liquid 
phase exfoliation. The graphene particles were dispersed in acrylic polymer system to obtain the ink suitable for 
deposition on plastic substrates. Silver printed interdigitated electrodes were fabricated on plastic substrates prior to 
graphene ink deposition. The samples were characterized by means of X-Ray diffraction using Bruker D8 advance 
scanning instrument. The Cu Kα radiation of wavelength 0.15406 nm was used with scattering angle varied between 
10
0
-90
0
 at scanning rate of 0.02 per sec for crystallographic analysis of the samples. The electrical properties of the 
sample were determined from the electrometer with the sample loaded inside the cryostat maintained under vacuum 
and at different temperatures from -5
0
C to 60
0
C.  
 
3. Results and discussions 
 
The crystallographic analysis of the graphene ink was performed by XRD. Figure 1 shows the XRD spectrum of the 
sample with major reflection at 2θ = 26.190 corresponding to the reflection from [002] plane of graphite [9].  
 
 
                                                             Figure1: XRD spectrum of the sample 
The interlayer “d” spacing of the sample was estimated to be ~ 0.34 nm which is close to the conventional graphitic 
plane. The crystallite size has been estimated from the Debye Scherrer formula to be ~ 6.46 nm. The sample showed 
an additional weak peak at 2θ = 130 corresponding the reflection from [010] plane of graphene oxide. This indicates 
the presence of residual oxygenated functional components in the crystalline matrix of graphene ink.  
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Figure 2:  I(𝑉) characteristics for I(𝑉) characteristics of graphene ink sample for  T =  268K (broken line) and T =  300K  (solid line). 
 
Figure 2 shows the current I versus bias voltage  V    plots for the sample at   T =  268K and T =  330K. These  
I(𝑉) characteristics are linear within the bias voltage regime, implying the Ohmic nature of conduction. Further 
measurements are repeated for four different temperatures between these two temperatures. Values of dark Ohmic 
resistance  RD at were determined different temperatures from  T =  268K    to  T =  330K  from the slope of 
individual   I(𝑉)   plot and the dependence of  RD on temperature  T    is shown in Figure 3.  The behaviour can be 
described by a simple well-known relation in the form:  
  
𝑅𝐷 = 𝑅𝐷0 [1+∝ 𝑇]       (1) 
 
where  R𝐷0  and α denote the resistance at 0 K and temperature coefficient of resistivity the GI sample. The ratio 
of the slope to the intercept at T = 0K gives 1.5 × 10−3 C⁄  for temperature coefficient α.  
 
 
 
            Figure 3:    Dependence of  Resistivity (R)  on Temperature (T) 
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The positive temperature coefficient is a signature for conducting materials. This value is of the same order of 
magnitude as 3.9 × 10−3𝐶−1 and 3.4 × 10−3𝐶−1 for highly conducting metals like copper and silver.  
 
4. Conclusions 
 
A low cost easy fabrication printed graphene samples have been developed and tested for it optoelectric properties. 
For flexible electronics the temperature coefficient of resistance plays significant role in applications. Small 
temperature coefficient is expected to be as low as possible for shielding from electromagnetic interference 
applications to ensure stable electrical performance. Conducting polymer composites loaded with graphene powder 
is often used for such applications.  
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